ABSTRACT -Although Zn is an essential trace metal for humans, a comprehensive view of its effects on cellular functions has not been obtained. We used a DNA microarray to assess transcriptional alterations in human HeLa cells after exposure to a moderate concentration of Zn (100 μM ZnSO 4 ). Out of 9,182 human genes, expression was increased in 7 genes and decreased in 4 genes twofold or greater. Four of the 7 upregulated genes were those coding for metallothionein isoforms or related proteins. An unexpectedly small extent of changes in gene expression might reflect rapid sequestration of Zn ions by metallothioneins, and the absence of most of the other protective responses indicated the non-toxic nature of Zn at this concentration. Comparison with our previous DNA microarray results for 5 μM CdSO 4 -exposed HeLa cells revealed several genes that are regulated by both metals in parallel, and a gene reciprocally regulated by them.
INTRODUCTION
Zinc (Zn) is an essential trace element that plays important roles in a wide range of Zn-containing proteins necessary for growth, development, DNA replication and so on (Frassinetti et al., 2006; WHO, 2001) . Changes in its concentration have been reported to have a profound impact on gene expression of living organisms including human (Blanchard and Cousins, 1996; Rutherford and Bird, 2004) . However, we have no comprehensive table of genes whose expression is altered depending on Zn concentrations, which might provide further important information on the physiological roles of Zn. Development of DNA microarray technology (Maxwell and Davis, 2000; Schena et al., 1995) allowed us to have an opportunity of obtaining such a table. In the present study, we investigated transcriptional changes in human HeLa cells caused by a moderate concentration of Zn (100 μM ZnSO 4 ), employing a DNA microarray carrying 9,182 human cDNA probes. To our knowledge, this concentration of Zn can induce metallothionein gene expression in HeLa cells (Murata et al., 1999) .
MATERIALS AND METHODS

Preparation of total RNA
Culture of HeLa S3 cells, exposure of cells to Zn and preparation of total RNA were described previously (Murata et al., 1999) . Briefly, cells were plated (4 × 10 6 cells/10 ml medium/100-mm Falcon plastic dish) and incubated for 3 days. Cultures were then incubated with or without 100 μM ZnSO 4 for 6 hr before harvest. Total RNA was extracted by the acid guanidinium thiocyanate-phenol-chloroform extraction (AG PC) method. No degradation of RNA was observed in northern blot analysis with digoxigenin-labeled probes for human β-actin and metallothionein-2A messages (Murata et al., 1999) .
DNA microarray analysis
DNA microarray analysis was performed by Kurabo Inc. (Osaka, Japan). Briefly, total RNA preparation from untreated cells or Zn-treated cells was reverse-transcribed in the presence of Cy3 or Cy5-labeled nucleotide, respectively. These two sets of fluorescence-labeled complementary DNA (cDNA) were mixed and hybridized to a UniGEM Human V cDNA Correspondence: Shinji KOIZUMI (E-mail: koizumi@h.jniosh.go.jp) microarray (Incyte Genomics Inc, San Francisco, CA) with 9,182 immobilized cDNA probes. Intensity of Cy3 and Cy5 fluorescence at a given spot on the microarray was used to quantify differential expression of the corresponding gene.
RESULTS AND DISCUSSION
DNA microarray analysis was carried out to observe fluctuation in gene expression caused by exposure to 100 μM ZnSO 4 . Out of 9,182 human genes, expression was increased in 7 genes (Table 1) and decreased in 4 genes (Table 2) twofold or greater. In DNA microarray experiments carried out in parallel, 12 genes upregulated by metal exposure w ere inspected for reproducibility by northern blot analysis. All of them were confirmed to be metal-inducible (data not shown), supporting the reliability of our DNA microarray results. For the genes discussed hereafter, induction ratios are indicated in parentheses. We have previously reported a gene expression profile in HeLa cells exposed to 5 μM CdSO 4 (Yamada and Koizumi, 2002) . For comparison, induction ratios by Cd are also indicated in Tables 1 and 2. Metallothioneins (MTs) are low molecular weight, cysteine-rich heavy metal-binding proteins, which are known to be inducible by heavy metals and to be involved in homeostasis of essential metals as well as detoxification of toxic metals (Klaassen, 1999) . In our previous studies (Murata et al., 1999; Yamada and Koizumi, 1991) , MTs were observed to be highly induced in human cells after exposure to Zn. Consistent with this, most induced four genes in the present DNA micorarray experiment were those coding for MT isoforms or related sequences (Table 1) . Expression of the MT-1L gene (23.7 x) was increased most, although it is known to encode a truncated product (Stennard et al., 1994) . The second most induced was an EST (8.6 x) related to the MT-1F gene sequence. Induction of MT-1B−like sequences (5.5 x) and MT-1E (4.5 x) were also observed. It should be noted that these signals could represent cross-hybridizations with other MT isoform mRNA's, since it seems difficult to discriminate MT isoform genes with highly similar sequences in such an experimental condition. In addition to MTs, three genes were upregulated. Desmo- (metallothionein-1F) EST similar to MT-1F * 8.6 2.
(metallothionein-1B) EST similar to MT-1B 5.3 5.5 3.
(metallothionein-1E) MT-1E 6.5 4.5 4.
(desmoglein 2) Dsg2 − 3.5 5.
human hbc647 mRNA sequence 3.3 3.4 6.
(spinocerebellar ataxia 2) ataxin 2 2.9 2.6 7. The 2nd and 3rd leftmost columns show induction ratios by 100 μM ZnSO4 and 5 μM CdSO4 (data from Yamada and Koizumi, 2002 are indicated for comparison), respectively. Genes are arranged by an order of induction by Zn. EST, expressed sequence tag. *, no corresponding probe was present on the DNA microarray used; −, a corresponding probe was present on the DNA microarray but the change in expression was less than twofold. Gene 5 μM Cd 100 μM Zn (neural precursor cell expressed, developmentally down-regulated 4 like) NEDD4L 2.1 0.36 1.
(m3 muscarinic acetylcholine receptor) m3 * 0.38 2.
EST − 0.48 3. Klotho − 0.48 4. The 2nd and 3rd leftmost columns show induction ratios by 100 μM ZnSO4 and 5 μM CdSO4 (data from Yamada and Koizumi, 2002 are indicated for comparison), respectively. Genes are arranged by an order of repression by Zn. EST, expressed sequence tag. *, no corresponding probe was present on the DNA microarray used; −, a corresponding probe was present on the DNA microarray but the change in expression was less than twofold. glein 2 (Dsg2, 3.5 x) is one of the cadherins which are transmembrane glycoproteins essential to cell-cell adhesion, and has roles in development and proliferation (Eshkind et al., 2002) . Function of a protein encoded by hbc647 mRNA sequence (3.4 x) is not known. Although the function of ataxin 2 (2.6 x) is unclear, it has been suggested to be involved in energy metabolism, since ataxin 2-deficient mice were viable and had increased weight gain (Kiehl et al., 2006) .
A regulatory DNA sequence called metal responsive element (MRE) is known to mediate heavy metal response. The MRE consensus sequence consists of a core sequence TGCRCNC (R = purine; N = any base) and a less conserved GC-rich region next to it. The former has been shown to be essential to metal response (Culotta and Hamer, 1989; Stuart et al., 1985) . Though we searched upstream regions (within 1 kb from the transcription initiation site) of all genes in Table 1 for the MRE core sequence, it was associated only with the MT isoform genes. Therefore, other genes in Table 1 might possibly be regulated through independent mechanisms. Table 2 shows genes repressed by Zn treatment. NEDD4L (neural precursor cell expressed, developmentally down-regulated 4 like; 0.36 x) is a ubiquitin ligase which reduces membrane proteins relevant to the transport of small molecules (Abriel and Staub, 2005) . m3 (m3 muscarinic acetylcholine receptor; 0.38 x) is a member of the G protein-coupled receptor superfamily and is widely expressed in the brain and innervated tissues (Wess, 2004) . Klotho (0.48 x) is an anti-aging hormone, which is assumed to increase resistance to oxidative stress (Yamamoto et al., 2005) . The physiological significance of these changes in response to Zn remains unclear.
Thus, Zn at 100 μM resulted in only a small change in gene expression in HeLa cells. This may probably be due to rapid sequestration of introduced Zn by preexisting or newly synthesized MTs. The present experiment thus appears to display a result of powerful and strict homeostatic regulation of Zn concentration in HeLa cells, at least at such a moderate concentration. The absence of protective responses observed in our previous analysis for 5 μM Cd-treated cells such as induction of antioxidant proteins, heat shock proteins, ubiquitins and so on (Yamada and Koizumi, 2002) obviously indicated the non-toxic nature of 100 μM Zn. Besides MTs, a few genes were upregulated in parallel by both 100 μM Zn and 5 μM Cd: human hbc647 mRNA sequence and ataxin 2 (Tables 1). Physiological significance for these findings remains obscure, but the results may imply common mechanistic backgrounds of transcriptional regulation between the responses to the two heavy metals. As described above, transcriptional regulatory elements other than MRE might mediate these responses. By contrast, the NEDD4L gene showed reciprocal responses to Zn and Cd (Table 2) . It was downregulated by 100 μM Zn, while it has been observed to be upregulated by 5 μM Cd, representing totally differential biological effects of the metals probably related to homeostasis and toxicity, respectively.
